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Abstract 
The operation of a CSP-plant is mainly driven by the available direct normal irradiation (DNI) over the day. Although the DNI is 
a volatile factor, it is very good predicable within a certain time horizon considering daytime, location and environmental 
boundary conditions. 
Aim of every plant control system is the stable and save operation of the CSP plant. One way to achieve a good control loop 
performance is to split the control problem into a feed forward and a feedback control system. Within this paper a feed forward 
control system for a direct steam generation CSP system with a mid and long term storage is developed. The feed forward control 
system is using an optimization based on a genetic algorithm. 
The behavior of the feed control system is shown with different examples, using different operation modes with focus on a 
flexible operation and on the maximization of the energy output. 
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1. Introduction 
Thinking of the current emission reduction policies in the field of energy production, one of the key parameters is 
to increase the ratio of total efficiency over costs of the so-called “green” technologies. Solar power is currently one 
of the most attended eco-friendly technologies based on conversion of sunlight into electricity, either directly by 
photovoltaic (PV or Concentrated PV), or indirectly using concentrated solar power (CSP). 
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Line focused systems with direct-steam generation (DSG) are one of the latter types, offering cost-effective 
energy production on large scales as an alternative to conventional power plants. The concentrated solar thermal 
energy is used to heat up the water inside the absorber tubes and to produce pressurized hot steam in order to operate 
a heat engine (usually a steam turbine) connected to an electrical power generator. 
 
Nomenclature 
DNI Direct normal irradiation 
CSP Concentrating Solar Power 
PV Photovoltaic 
DSG Direct steam Generation 
η Efficiency 
IAM Incident Angle Modifier 
FW Feed Water 
ሶ݉  Mass flow 
P Electrical Power 
Q Thermal Power 
h specific Enthalpy 
x steam fraction 
β load factor of the turbine 
J Cost Function 
F Objective Function 
H Constraints 
L Level of storage 
R Weighting factor 
1.1. Control of a CSP-plant 
A major challenge that must be addressed at all CSP technologies is the fluctuating intensity of the radiation 
during the day, which causes a substantial need for advanced control methods. Here, advanced methods could be 
used for control and, as described in this paper, for an additional feed forward control. As these methods are usually 
model based, also simplified models must be developed for the whole process. 
Aim of the control system of every power plant is the stable and save operation of the plant. Therefore the control 
system must be able to respond to distributions as well as to scheduled changes of the operation point. These 
requirements result in a direct link between reference and interference variable control. Both control tasks could not 
be tuned independently, an improvement on one side leads to a decrease on the other sides. One possibility to cut 
this link is to introduce a feed forward control, responsible for the reference control and an underlying interference 
control system, dealing with disturbances. This feed forward control provides the necessary trajectories for the 
operation of the plant. 
1.2. Design and setup of the regarded CSP-system 
The developed feed forward control is applicable for all kind of DSG plants. The principles are shown 
exemplarily at a Linear Fresnel CSP plant. For the design of the solar field a Linear-Fresnel system based on the 
Novatec technology is used as basis for the setup of the CSP plant. The solar field consists of several parallel 
absorber tubes. Within these tubes the water is heated up and evaporates, leaving the solar field as a mixture of 
saturated water and steam. 
This wet steam is sent to a steam drum, where the saturated water is separated and afterwards circulated. The 
saturated steam is sent to a turbine or to the steam storage (mid-term storage). As steam storage typically a Ruth’s 
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storage is implemented. After the turbine the steam is condensed, preheated and stored in the feed water storage. 
The whole process is described in Fig. 1. 
 
 
Fig. 1. Simplified process flow diagram of the overall setup 
Regarding conventional power plant equipment, none of the items shown here and also those not shown here 
(e.g. a turbine bypass) are specially customized components of CSP plants. Therefore, the only new element in 
comparison with conventional power plants is the solar field that acts like a common steam boiler with a varying, 
but foreseeable fuel supply: the sun. 
2. Model set up 
The following chapter describes the models used for the CSP plant. The model is divided in two parts, an optical 
and a thermal model, like it is done in [1]. These models are used in an optimization algorithm to get certain 
trajectories for the operation of the plant. Therefore a forecast of the sun is necessary. This forecast is assumed as 
accurate and given. In daily operation these trajectories are used as feed forward signal, to allow the operator to tune 
the feedback control (which is not part of this paper) on a good disturbance behavior. 
The overall model setup is shown in Fig. 2. There are two external inputs: On the one hand, the forecast for the 
solar irradiance and on the other hand the externally given (e.g. from the optimization) power output. 
 
 
Fig. 2. Setup and configuration of the two used  
optical modelsolar irradiance
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The used model is described in [2]. The following chapters show the main points regarding the two sub models 
and their mathematical modeling. The level of detail of the used model is kept very simple, in order to allow a very 
fast solution of the model equations. The described model is designed to calculate the behavior of the plant over a 
time horizon of one day. Therefore, short time dynamics of the water-steam cycle and the detailed behavior of the 
power block are neglected. Of course the model is not able to predict the dynamic behavior of a real plant within a 
time horizon of several minutes, but it is able to predict the plant behavior over a longer time horizon (several hours) 
with sufficient accuracy for the feed forward control.  
2.1. Optical model 
As already explained in the previous chapter the Linear-Fresnel system from Novatec is used as basis for the 
setup of the optical model. The optical efficiency of a solar boiler is defined by the used energy compared with the 
total amount of the available solar energy of a certain area. In this case, this area represents the area covered by the 
primary reflector. The efficiency is mainly influenced by constant factors like the reflectivity of the mirror and heat 
losses. 
There are also factors that depend on the current position of the sun, like the shadowing of the parallel absorber 
tubes on the mirrors or the angle of incidence of the sun. The calculation of the optical efficiency is done in two 
steps. First of all the base efficiency η0 is defined for the vertical position of the sun. Thermal losses at the absorber 
tube are included in this base efficiency value. Then the efficiency is adapted to the current position of the sun, by a 
so-called IAM-factor, see [3]. 
Based on this definition, the optical model is designed as 
  0( ), ( )opt az zK t tK J T K   (1) 
with γaz and θz defining the position of the sun and K the function for the IAM.  
 
 
The correction factors are taken from real plant data, [4]. With the corrected optical efficiency the thermal power 
can be calculated together with the current direct normal irradiance and the covered and focused aperture area 
ASolarField: 
ሶܳ ௧௛ ൌ ࣁ௢௣௧ܦܰܫሺݐሻܣௌ௢௟௔௥ி௜௘௟ௗ   (2) 
2.2. Thermal model 
In order to allow a fast solution within the optimization, the model of the water-steam cycle is kept very simple, 
the only input to the model is the thermal power given by the previously described optical model. With the thermal 
power flow Qth, the needed feed water (FW) mass flow is calculated by 
ሶ݉ ிௐ ൌ ொሶ೟೓ሺ௛ᇲି௛ಷೈሻା௫ሺ௛ᇲᇲି௛ᇲሻ  (3) 
with the evaporation enthalpy h' and the boiling enthalpy h''. The resulting mass flow for the FW can be directly 
used as a feed forward signal for the system. The steam mass fraction x is set to 0.8 in the paper. With (3) the steam 
mass flow ሶ݉ ௦௧௘௔௠̴௣௥௢ௗ௨௖௘ௗ is calculated as 
ሶ݉ ௦௧௘௔௠̴௣௥௢ௗ௨௖௘ௗ ൌ ݔ ሶ݉ ிௐ.  (4) 
With the externally given (e.g. by the optimization) power output Pel and (4) the mass flow to the storage can be 
calculated, assuming that the needed steam flow through the turbine is proportional via the factor β to the electrical 
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output. This factor β is calculated based on a look-up table describing the turbine. This look-up table is depending 
on the current load set point and the pressure.   
 ሶ݉ ௦௧௢௥௔௚௘ ൌ ሶ݉ ௦௧௘௔௠̴௣௥௢ௗ௨௖௘ௗ െ ሶ݉ ௦௧௘௔௠̴ௗ௘௠௔௡ௗ ൌ ሶ݉ ௦௧௘௔௠̴௣௥௢ௗ௨௖௘ௗ െ ߚ ௘ܲ௟  (5) 
If this mass flow is positive, more steam than needed is produced and the storage is loaded. If there is not enough 
thermal energy and therefore the output mass flow is too low, the difference is balanced by the storage. Thus, a 
differential equation for the stored mass is defined using (5). 
ௗ௠ೞ೟೚ೝೌ೒೐
ௗ௧ ൌ ሶ݉ ௦௧௢௥௔௚௘   (6) 
With these equations the whole process can be described. As shown in (5), the power output directly influences 
the loading of the storage. Another influence on the loading of the storage can be achieved by reducing the number 
of mirrors that are focused on the absorber tube resulting in a lower thermal energy. This also avoids a surplus 
production of steam in the evaporator. 
3. Optimization and genetic algorithm 
In order to create an optimal trajectory for the feed forward control, an optimization problem has to be 
formulated. Within this problem the task is to find a set of hourly constant values for the energy production u(·) 
which minimizes a cost function J. This cost function is defined as the integral of the objective functional F from the 
beginning of the calculation T0 (which is usually at sunrise) to the end of the time horizon Tend (usually sunset), with 
the model described in chapter 2 and a set of constraints H. The resulting optimization problem could be formulated 
as: 
 
( )
min ( ), ( )
u
J x t u   
   
0
( ), ( ) : ( ), ( )
endT
T
J x t u F x u dW W W  ³  
0( ( ), ( )) 0 [ , ]endH x u T TW W Wt     (7) 
First task building the objective function is to translate the verbal goals of the optimization problem and the 
constraints into a mathematical function. For this problem, three sub goals are defined: 
 
x Maximization of the power output Pel 
x Storage level Lact must be kept on a set point 
x Maximization of the used energy available from the sun by maximizing the number of mirrors in focus n 
 
As the optimization is usually formulated as “minimizing the objective function”, the maximization of the power 
output must be converted into a minimization problem. Therefore the difference between the current electrical 
power output and the rated power output is taken into account: 
ܨ௘௟ ൌ rܲated െ eܲl  (8) 
The three sub goals, including (8) are weighted by different factors R1-3. The resulting objective function is 
formulated as: 
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22 21 2 3( ) ( )rated el rated actF R P P R L L R n      (9) 
 
For the constraints H several physical limits like the storage level, mass flows and the limits of the steam turbine 
are taken into account. For the steam turbine a minimum power output and a maximum power output is defined. 
Besides these two values the power output could also be zero, meaning that the turbine is not running.  
The level of the storage is also bounded to physical limits (upper and lower bound). Also some algebraic 
constraints are formulated in order to ensure a thermodynamic valid solution (e.g. the available thermal energy is 
always used completely). 
3.1. Genetic algorithm 
The problem could be solved using a standard optimization algorithm, like it is shown in [2]. Nevertheless certain 
constraints, like a minimum power output of the turbine, could not be covered by standard algorithm. Therefore a 
genetic algorithm is implemented in order to solve the problem described in (7). The overall setup of the algorithm 
is shown in Fig. 3. 
 
Fig. 3. Principle setup of the genetic algorithm 
With the start of the optimization a first initial population is created randomly. Every population consists of a set 
of power output trajectories, called individuals. Each individual is evaluated against the objective Function F and the 
constraints H. If the individual fulfills the requirements of the constraints, it is considered as “correct individual” 
and it further optimized regarding the objective function. If the individual is not fulfilling the constraints, it is 
considered as “incorrect individual” and is optimized to fulfill the constraints. 
 
Following this behavior over to whole running time of the optimization, the number of “incorrect individuals” is 
continuously decreasing, while the number of “correct individuals” is continuously increasing and the value of the 
best individual is minimized. A typical behavior over the running time of the algorithm is shown in Fig. 4.  
Within the first loops of the optimization (called “generation”) only “incorrect individuals” are created. These 
individuals are tuned towards a correct solution of the problem, which is reached with generation 18 in this example. 
The correct solutions are now optimized using the objective function (9). 
As shown in Fig. 4 the value of the objective function is continuously decreasing. The optimization is finished 
after no changes in the population occur anymore. 
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Fig. 4. Behavior of the individuals along the running time of the optimization 
3.2. Genetic operations 
As genetic operations the common used methods like mutation, recombination and local search are implemented, 
forming a so called memetic algorithm [5]. The main methods used: 
 
x Encoding of the individual: The coding of the individuals is based on real numbers, with a step of 1 MW. The 
length of the individual is based on the time horizon of the optimization. 
x Limited mutation: One value of one individual is chosen randomly. The value is changed randomly within a 
bound. 
x Recombination: Within a selection of the best individuals, two individuals are combined randomly with each 
other. 
 
During the genetic operations new individuals (children) are created using the former generation (parents). 
Within the selection operation, all individuals are sorted based on their value of the objective function in decreasing 
order. Only the best individuals pass the selection and form a new generation of individuals (“Selection of the 
fittest”). 
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4. Results 
To show the behavior and the results of the optimization algorithm a perfect sunny day in July is assumed. The 
exemplary plant is placed in south Spain with a solar multiple of 1.5. The calculation time of the optimization is 
below two minutes, allowing the use of the feed forward control in continuous operation. 
4.1. Operation modes using mid-term storage 
At first an optimization run with similar weight on every sub goal is performed. For the storage level a set-point 
of 85 % is selected, due to the fact that the storage level must be flexible in upper and lower direction in order to 
balance the steam mass flow. Fig. 5 shows the result of the optimization run. With increasing DNI at the morning, 
the available energy is rising and therefore the feed water mass flow (Fig. 5d) is also rising. The amount of produced 
steam is not sufficient to drive the turbine. The produced steam is stored in the mid-term storage (Fig. 5b). 
 
 
Fig. 5. Results of the feed forward control, similar weight on every sub goal 
With reaching the minimum necessary amount of steam, the turbine starts producing electricity (Fig. 5a), the 
mid-term storage is used to balance the continuously DNI to achieve a constant level of the power output. At time 
intervals where the power output is at its maximum level and also the mid-term storage is at its set-point, mirrors are 
defocused (Fig. 5c) in order to reduce the thermal energy received by the system. With falling DNI the stored steam 
from the mid-term storage is used to generate additional electrical power, although nearly no feed water mass flow 
and therefore no additional energy from the solar field is available any more. 
This operation mode results in a very flexible operation of the plant, regarding external disturbances like clouds. 
Due to the high storage level of the mid-term storage the plant is able to react reliable on disturbances at any time of 
the plant operation. This flexible operation mode comes with the disadvantage of a long time period with defocused 
mirrors, resulting in a lower energy production over the day. 
 
In order to realize an operation mode with focus on energy production, the weight of the storage level is reduced 
in the second optimization run, shown in Fig. 6. Similar to the first optimization, the first hours of the day are used 
to charge the steam storage.  
In contrast to the flexible mode, the storage is discharged in order to reach the maximum possible power output 
with reaching the minimum amount of steam necessary for the operation of the turbine. With increasing DNI, the 
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level of the storage is again followed up to its set-point. Compared to the first optimization run, fewer modules are 
taken out of focus for a shorter period, resulting in a higher use of the available solar energy. 
 
 
Fig. 6. Results of the feed forward control, reduced weight on storage level 
In order to compare the two presented operation modes, the integral values of the calculated trajectories are 
shown in Fig. 7. Except of the power output, all values are based on the maximum value. With the more flexible 
mode (case 1) the amount of stored steam (Fig 7b) is much higher than compared with the maximum power mode 
(case 2). The weighting of case 2 is resulting in a higher energy output and related to this in a lower number of 
defocused mirrors. The storage is not only used to balance the DNI but also to produce more electrical power during 
the day.  
 
 
Fig. 7. Comparison of the presented cases 
Following this analysis the flexible mode could be used on a day with high risk of short term disturbances like 
clouds. The steam storage is loaded very fast and is kept at it set-point. Therefore the plant is able to react in nearly 
every hour of the day. At days with low risks of disturbances the second operation mode could be chosen. With this 
mode more energy could be produced over the whole day.  
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4.2. Adding long-term storage systems 
Instead of defocusing modules, it is also possible to add a long-term storage system to the CSP-plant setup. 
Combined with an increasing solar field, this storage is charged during daily operation and used during night 
operation to produce electrical energy, like it is implemented in several CSP-plants.  
It is possible to integrate the long-term storage in the feed forward control in two different ways. With the first 
method, the nominal level of the long-term storage is defined as a constraint at the end of the optimization time 
horizon. This results in a very strong requirement, meaning that the level of the long term storage has to be over the 
nominal level to create a correct solution. This method guarantees the nominal level of the long-term storages at the 
end of the time horizon, if it is thermodynamically reachable. 
With the second method the time horizon of the optimization is extended to the night operation and the operation 
of the long-term storage is modeled and optimized. This method results in an integration of the long-term level into 
the objective function comparable to the mid-term storage. A big advantage of this method is the possible 
integration of price signals into the optimization (e.g. like the South African two-tiered tariff), but of course the 
longer time horizon results in a higher effort and running time of the optimization. This method results in an optimal 
solution of the control problem with regard to day and night operation. 
5. Conclusion 
CSP plants with direct steam generation offer many advantages due to their setup. Compared to other CSP-
technologies using thermal oil as heat transfer fluid, the control of direct steam generation systems is challenging. 
Separating the control task in a feed forward control and a disturbance control can be an answer to solve this 
challenge. 
In this paper a feed forward control was developed using an optimization algorithm. The optimization is done 
using genetic algorithm. The resulting feed forward control offer the possibility for different operation modes of the 
plant, due to a mid-term storage system that balances the continuously changing DNI to a step wise changing power 
output. The setup of the optimization problem also allows the integration of a long-term storage system. 
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